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ABSTRACT

Aluminum Alloy casungs rave teen successiully reinforcea
NN unigirecuonal grapnite fbers.  The reinforced casungs were
‘abricated using an :nnovauve !echnigue «known &s hign cressure
squeeze casung. Previously. SqQueeze castng nhas ben recognizea &s
a supericr metal fcrming metnod. The matenals fabricatea n this
stugy demgnstrate the aoiity cf squeeze casung (0 achieve gooad
fber cistricution ana nfiltration without :me reead for ore-
reatment ¢f the fpers. There was very ilie cbservea chemical
“eaclicn ceiween ine grapnile fibers ang the auminum 0 the as-
cast conaition.  The strength of the reinforcea castings increased
with increasing fiber volume fraction, althougn the strengths were
generally iess than those predicted by rule of mixtures. The tensiie
strengths ranged from 120 MPa to 310 MPa for fiber volume
fractions cf 5 percent 0 52 percent, respectively. A model was
derived ‘o explain the experimental data based mainly on the
assumption that the interfacial bond between the fiber and the
matrix was relatively weak compared to the strength cf the fiber
itself. Other properties of the castings were aiso examined
including microhardness, stiffness and damping capability. In
addition a second model was developed using finite element methods
to describe the transient thermal behavior of the molten aluminum

during the squeeze casting process.
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INTRODUCTION

1.1 High Pressure Squeere Casting

Sgueeze casting as a metal forming process was first
ceveloped over 40 years ago !n the USSR (1]. Since that time 1t has
attraciea the interest cof researchers in Ingia 2.3}, Japan {4-71 | :ne
Unitea Kingaom [8-101 ana the United States {11-14]. Squeeze cast
metais offer mucn improvea mechanical propertes over
ccnventional gravity cast metals and are comparaple to those of
‘orgea wrougnt-alloys [14]. This is principally due to the improved
micro-structural characteristics of squeeze cast metals and the
absence of porosity and voids in the castings. The improved micro-
structure is a direct result of the rapid solidification of the moiten
metals. Figure 1 shows the effect of pressure on the solidification
of an Al-12Si ailoy that was studied by Chatterjee and Das [8]. The
rate of sofidification of metals is significantly increased due to the
effects of the pressure. First, the pressure acts to increase the
effective rate of heat transfer by as much as an order of magnitude
[11]. Next, the pressure forces the metal into almost perfect
contact with the die wall which virtually eliminates contact
resistance to heat transfer [8,15]. Finally, the pressure increases
the characteristic melting temperature of materials that expand
upon melting as predicted by the Clausius-Clapeyron egquation (16].

Squeeze cast metals have been developed for use in a number

of commercial applications including many in the automobile
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Figure 1. Solidification curves for Al-12Si alloy demonstrating

the effect of pressure [8]
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naustry. T here are a numper of aadvantages 10 using scueeze casting
cver cther metal ferming technigues. Squeeze casting cffers the
aDility to produce intricately snapeg@ ccmponents and the sirength
ana integrity of the castings rival those c¢f forgead matenais. Figure
2 shows 3 comparison between two typical aluminum forging ailoys
‘nat have been gravity cast. squeeze cast. squeeze cast and heat
‘reated ana forgea and heat treated. in both cases. squeeze cast
metais have significantly rnigher tensiie strength than the
"espective gravity cast counterparts. Heat treating of the squeeze
cast aiuminum procuces a materiai with tensile properties at least
as great as the fcrgea ana heat treated aiuminum. The squeeze cast
Al-7Si ailoy has a tensiie strength 15% higher than the forged
material in simitar heat treatment conditions.

The strengthening of metals that have been squeeze cast has
been shown to be a function of the casting pressures used [4,8]. The
relationship between casting pressure and tensile strength can be
seen in Figure 3 for three aluminum casting alloys. A normalized
‘ensile strength is used in order to show the behavior of different
alloys as a function cf pressure. The normalized tensile strength is
defined as the tensile strength at pressure P, S(P), divided by the
tensile strength of that same alloy cast at atmospheric pressure. S,.
Casting pressures ranging from 100 to 150 MPa can be seen to
produce significant increases in the tensile strength of the
aluminum alloys. Still higher pressures result in higher strengths
but the effect is less significant.

From the above one can see that squeeze casting is a very

promising metal forming technique. Perhaps, however, the most
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2XCiing ProspDects ior rign oressure casting e in the fabrncauon cof

‘ber rsinforcea metal ccmoonents.

1.2 Fabrication of Fiber Reinforced Metals
Fiber reinforcea metals offer a numper of very attractive
onysical and mechanical properties. A partial list is given in Table

4

The principal ccncern of these materiais to date has been the
relativety nigh cost cf manufacturing. Some of the more common
crocessing tecnniques are liquid metal infiltration and P/M hot
oressing cr ciffusion oponaing.

Ligquid metal infiltration invoives infiltrating the fiber
reinforcement with molten metal. The metal is infiltrated into a
fiber preform, often with the assistance of vacuum or low to
moderate pressure. However, most liquid metals do not
spontaneously wet the ceramic fibers used as reinforcement. For
example, the Gr/Al system is a common composite system where
liquid aluminum will not spontaneously wet the graphite fibers.
Therefore the fibers require a coating or pre-treatment of some type
in order to promote wetting. Typical coatings [17-19] inciude Ni,
TiB, KsTiFs and KyZrFg. Sodium treatments have also been shown
effective in promoting wetting of graphite fibers by molten
aluminum [18]. The disadvantages of liquid metal infiltration lie in
the limited ability to form complicated shapes and more importantly
in the relatively long liquid metal to fiber contact times. These

contact times more often can result in composites with less than

optimai physical and mechanical properties through the degradation




Table 1. Some cr the zavantages cf fiber reinforcea metals

+ Cver tMon-Reiniorcea Metass
Higner cspecific sirengins ana stffnesses

Crthotrcoic croecerties ailowing for the railoring of
Iomposite 1o cesign specificatons

improvea c¢amoing (noise control)

+ Qver Fiber Reinforced Plastics
Better high temperature properties
Lower sensitivity to moisture

Higher electrical and thermal conaductivity

« Qver Fiper Reinforcea Ceramics

Better fracture toughness -- more reliable
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CT Te tpers Ty (ne moilen metal and excess cnemical reacuen
ceiween ne t'Ders anag tte matrix metal.  This s garucuiarty a
creciem witn grapnite fDer ana aiuminum matrix. T he cegraaation
Cf grapnite foers in aiuminum was stuaiea by Kohara arna Muto [20].
T reir swuay snowed a cecrease of 10 to 50% in the strengin cf
graonite fibers (especiaily PAN fibers) that had Ceen exposea 10
Toilen aiuminum ‘cr tmes 2SS han 5 minutes. "ne effect cf
crgmical reacusn on the swength of fber reinforceg metais can ce
seen 1 the Cr ficer remnforced aluminum s:uciea oy Delamotte {(17]
. nis sy, fowas explained that the Ni coating that was usead
"2acied witn ne Al 10 form a prittle inter-metallic compouna at the
fiberrmatrix interface. It was further theorized that the brittle
interface was unable t0 ansord the energy released by weak point
fallures in the fibers and reaqistribute the load among the remaining
fiber segments resulting in premature failure of the reinforced
aluminum.

Powaer metallurgy hot pressing, cn the other hand. is very
ccstiv and cumpersome for fabricating fiber reinforced metals.
F:der to matrix bonding 1s achieved by a sluggish solid state
diffusion process at high temperatures for extended periods of time.
These process conditions. namely, temperature, pressure and time
allow densification of powder matrix and also can result in an
excessive reaction between fiber and matrix. As described above,
the excessive reaction is undesirable when fibers are used as
reinforcement in metals. A trade-off between these two
diametrically opposed requirements; the densification of the powder

metal and the minimization of the fiber/matrix reaction. leads to
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eSS nan expecled vailues fcr the pnysical and mecnanical properues
=t tme materals. 'n zacdition. fbers exposed to the temcerawre.
cressure anc tme cf orocessing are invariably cegracea. ot
oressing 'S aiso unsultable fcr metais with continuous f.oer
reinforcement because of damage cr preakage to the fibers. Hot
oressing powaers also results in poor cistribution of the fibers
hrougnout the metal. T heretore. not pressing 1S often nct
commerc:aily attractve.

Anciner fabrication technique to be ciscussea here 1s high
oressure scueeze castng. in this case. squeeze casting as a metwai
‘arming tecnnigue menuoned at the peginming of this cnapter can oe
moaified 2 assist :n the infiltration of fiber reinforcement. The
advantages of squeeze casing can be directly refated to its
appiicability to fabrication of fiber reinforced metals. The rapid
rate of solidification results in minimal contact time between the
fibers and the molten metal. This results in very little chemical
reaction between the fibers and the matrix in the as-cast condition
allowing for the tailoring of the interface during post casting
processing. Also the pressure forces the metal to infiltrate the
fibers, eliminating the need for pre-coating of the fibers [21.22].
Finally, with innovative preforming technigues squeeze casting
offers the opportunity to fabricate planar random or unidirectional
fiber reinforced near-net shape components at a reasonable expense.
Recognizing the potential that high pressure squeeze casting
possesses as a process for the fabrication of fiber reinforced
metals and the limited amount of work available to date, there is a

need for further investigation. This thesis will employ squeeze




casting process icor tne fabrnicaucn ct ficer reiniorceg metals. Tne

cpjectives ana sceoe cf this invesugaton follow.

1.3 Objectives and Scope of Investigation

The main cojective c¢f this investgation was (0 fabricar
Jnidirectionatl fiber reinforcea metals using nignh gressure squeeze
castung.

The pnysical ana mecnanical properties inclucing camping of

he fabricated maternals wil aiso te studied along with a
cnaracterizauon ¢t the fiber matnix interface. A model wiil aiso ce

—

cevelopea fcr the transient nermal benavior cf the process using
‘inite element anaiysis.

“"he next chapter will descripe the method ceveloped to
proguce fiber reinforced metals using high pressure squeeze casting.
Chapter 3 wiil outline the the finite element technique used to
model the thermal behavior of the process. The testing procedures
used for the fabricated materials will be discussed in Chapter 4
followed by the results and discussion in Chapter 5. Following
Chapter S wiil be the ccnciusions from this study and

recommaeancations for future research.




Chapter 2

FABRICATION PROCEDURES

N this cnapter, a cescriotion of the process ceveiopea fcr e
casting of fiber reinforcea metals wiil be provided. The eauipment

ana ~ateriais wiil te ciscussea first foillowea by the castng

grocecures.

2.1 Equipment and Materials
The c‘cilewing two secucns wil cescripe e equipment. me

matrix anag finber materials ana the unidirectional fiber preforming

‘echr:que used to cast the reinforced metals.

2.1.1 Equipment

The equipment used for the casting of reinforced metals
incluced a furnace for meiting the metal, a metallic die and a
hydraulic press. along with some minor accessories.

The furnace used to meit the metal had a maximum
temperature of 1870 K (23900° F) and had no provision for
atmospheric control. Temperature inside the furnace was regulated
by an automatic on/off controtler which maintained a user
determinea set-point.

The principal die used in this investigation was a 70 mm (2.7
inch) internal diameter circular die. A schematic drawing of this
die 1s given as Figure 4. The die was made from 1040 steel. The die

wall was case hardened to a maximum value of 56 on the Rockweil-C
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1Za.e 't a Cegoin o acoroximately 2.5 mm 0 men).  Te case ciale
came ScCeciicancns oM oTte TD
Turace 7t me Ciale. _.Kewise. ne puncn was a.50 Case rarcereaq.
ne C.earance obetween 'fe cuncn and he c.e walls was small (3.025
.mCNY SO nat wnen tne pressure was applieag. the moilen
Tetal was ccnlinea Cul tne ¢ases proaucea Ly tne vapcorizauen cf
‘me Crganic incers cn the tters were ailoweg 10 escate. T ne 1cd
Turiace ¢ e rase Diate was ground smoecin so that ttere wouic te
4 MiniTal ameunt ¢f gap cetween pase c:ate ana he cie wall. The
T8 Wai was SeCureq 0 wne rase plate by nign sirengin sieel cois.
A seccna cie was usea for casting Cci iarger specimens. The
nternai ciameter of this second die was 1'4 mm (4.5 nch). The
materiais ana case naraening specificatons for the secona die were
the same as those for the 6.9 ¢cm (2.7 inch) die. A drawing of the

114 mm (4.5 inch) cie I1s snown in Figure 5.
The pressure was applied through a 1773 kN (200 ton)
nygraunc gress. The load applied by the press was ccntroiled oy an

agiusiaoie pressure release valve. The icad on the punch was

caiibratea as a functicn of the nydraulic gressure on tne cyhnager
nead. The calibration curve is given as Figure 6. Once the curve was
establisnea. ihe ioad on the punch couid be fcuna directly from the

indicatead hydraulic pressure.
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2.1.2 Materials

The matrix materiai usea 'n this invesugaton was €061
aiuminum. The composition of this ailoy ana its pnysical ana
mecnanical properties can pe founa eisewnere {23].

Grapnite fibers were used to reinforce the aluminum matrix.
Three forms of carbon/grapnite fibers were used: graphite fiber
tows containing approximately 2000 filaments each. sheets of Ni-
coated carbon fibers faid out in a planar rangom orientation ana held
together by an organic binger and sheets of uncoated carbon fibers
ais0 In a planar rangom orientation.

The tow fibers were pitch basea Thornel P-55. The pnysical
and mechanical properties for the graphite tow fibers and the planar
rangom carbon fibers are given in Table 2.

In addition to the graphite fibers used in the principal
investigation, SiC (Nicalon) fibers were used to reinforce 6061
aluminum. These unidirectional fiber reinforced castings were

fabricated using the same procedures described in this chapter for
the Gr/Al castings.

2.1.3 Unidirectional Fiber Pretorm

This section will describe the unidirectional fiber preform
used to fabricate the unidirectional fiber reinforced aluminum
castings. The main objective of the preforming process was to
prepare a preform with the majority of the fibers laid out in a
parallel direction. When attempts were made to infiltrate preforms
made from only the tow fibers, the directionality of the fibers was

not maintained and there was poor infiltration by the liquid metal.




Table 2. Physical ana mechanical properties of grapnite/caroon
fiber usea to reinforce the aluminum castings

~J

Physical or P-55 Tow Random
Mechanical Graphite Sheet
Property Fiber Carbon Fiber
Tensiie Strength, 2100 3100
MPa (ksi) (310) (450)
Young's Moaulus, 379 235
GPa (Msi) (55) (34)
Specific Gravity 1.8 1.8
Net Weight 0.0004a 0.00003®
0.00001¢
a. in g/mm

b. in g/mme for bare carbon fibers
c. in gsmm2 for Ni-coated carbon fibers
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Therefore a preforming ‘ecnniqgue compbining tne ow tbers. e thin
tii-coatea fibers ana the tnicker unccatea fibers was ceveloped.

The t.oer preform consistea cf muiticle layers of tcw fibers
sanawichea between sneets of the Ni-coated fibers. The thicker
wncoatea carpon fiber sheets were usea at the outer surfaces of the
oreform. The purpose of these sheets being to faciiitate tre liguia
metal in infiltrating the extreme layers of the preform. The number
cf layers in the preform was a function of the target fiber volume
fraction. A grapn cf this relation is given in Figure 7. For examnbie.
a fiber preform consisting of a top ana bottom nalf having 10 layers
eacn. wnere a layer is distinguishea by a row of parailel tow fipers.
or a total of 20 layers wiil yield a casting with an overall fiber
volume fraction equal to approximately 0.22. Note: If the preform
contains O layers. the fiber volume fraction is not O due to the
presence of the randomly oriented thick fiber sheets.

A typical fiber preform is illustrated in Figure 8. The ratio of
the mass of fibers oriented in the airection of the applied locad as a
function of the target fiber volume fraction is given in Figure S.
Three-eighths of the fibers in the random sheets were assumed to be
oriented parallel to the tow fibers. The 3/8 coefficient was from an
empirical equation developed to predict the elastic modulus of
randomly oriented fiber reinforced materials from the longitudinal
and transverse moduli [24]. The curve in Figure 9 approaches an
asymptote at around 94% of parallel fibers as the effects of the
thick planar random fiber sheets at the top and bottom of the overall

preform become negligible. As an estimate for overall fiber volume
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Figure 7. Layers in preform as a function of fiber volume fraction
for a casting 70 mm in diameter and 3.2 mm thick. Fiber
volume fraction is this figure is the overall fiber volume
fraction which includes all the fibers, regardless of
orientation. The number of layers is defined as the total
number of stacked rows of parailel tow fibers.
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‘racucns apbove 0.15. ine percentage of fibers crientea garaiel to

cne anoter 1s assumeda 1o ce 20%.

2.2 Fabrication Procedures

The following paragrapns will describe the proceaures used ‘o
fabricate carpon/grapnite fiber reinforced aluminum using high
pressure squeeze casting. Although the main objective of this work
was to fabricate unidirectcnal reinforced castings. fabrication of
planar random fiber reinforcea castings was also performed in oraer
t0 gain familiarity with the process and to provide cata for

comparison.

Whether planar random or unidirectional fibers were used. it
was necessary prior to casting that the amount of metal and fibers
be estimated for target fiber volume fraction. This calculation was
based on the target fiber volume fraction and the size of the casting.
For planar random fibers and for a selected target fiber volume

fraction, the mass of fibers (My), in grams, required was calculated
oy

My = mr2 t oq vy (1)
Where: vy = target fiber volume fraction

ot = density of fibers, g/mm3

r = radius of circular die, mm

t = thickness of casting to be

fabricated. mm




‘ne mass ¢t metal (M., 0o grams. was caicuiatea cirectly
.SINg equatcn <.
.‘11,.. = v Loo.m \"V" \/2)

Where: .+ = censity of metal, ggmm?3

The target fber voilume fraction icr unidirecticnal reinforced
castngs was useg !0 determine the numper of layers in the
Jniairectional preform that was required. 7o obtain a desired
solume fracucn cf {ibers orientea parallel to one another, :hat fiber
volume fraction was civided by the appropriate ratio obtainea from
Figure 9. This adjusted fiber volume fraction then represented the
overall fiber volume fraction which included both the tow fibers and
the planar random fibers. Once the overall fiber volume fraction
was determined the number of layers required in each of the two
fiber preform was obtained from Figure 7.

The squeeze casting process consisted of three stages: the
pasic fiber and matrix materiai preparations, the pre-casting
preparations of the die and the casting.

The basic fiber and matrix preparations consisted mainly of
determining the proper amounts of each required and meiting the
metal. Also required was that the planar random fiber sheets be cut
to the appropriate sizes and/or that the unidirectional fiber
preforms be made.

Prior to casting, the die was cleaned and assembled. A

carefully machined graphite disk was placed into the die at the
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cottom cf the cavity in craer 0 form a liguid metal tight seal at the
cottem ¢t the cie. One-naif the total amount of fibers were also
c:aceg inwo (ne c:e pricr 0 caslng.

Casung cf the metal consisted cf couring the moiten aluminum
wnicnh hag been neated 10 a temperature of approximately 1200 K
11700 °F) into the prepared die and then adding the remaining fibers
‘ollowea by a second graphite cisk and the die punch. The actual
remperature used was somewnat lower for the planar random
reinforcea castings and somewhat higher for the unidirectional
-einforcea castings. This was a result of the higher packing density
of the tow fibers thus making them more difficult to infiltrate. The
aptimum ‘emperature used was the Ilcwest possible while still
achieving complete infiltration in order to minimize the
solidification time for the metal.

Once all the materials and the punch were in the die, the
pressure was applied. The typical casting pressure used was 350
MPa (50 ksi). Although successful infiltration was achieved at
lower pressures. the high pressure was chosen, again due to the
desire to minimize the metal solidification time. A cross-section

view of the die cavity just prior to the application of the pressure is
given in Figure 10.

2.3 Heat Treatment of Castings

As the composites fabricated with the above procedures were
optimized so as to have as little interfacial reaction as possible. it
was expected that their strengths would not be as high as they

might be with a relatively strong interfacial bond. Some
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Figure 10. Cross-section view of die cavity just prior to
application of pressure
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znemical reacucn cetween he fibers ana ne matrix can improve ire
sirengin cf the fiber/matrix pona@. nus improving tne aoility ¢t the
~atrix S transfer tne 1caa to the reinforcing fibers.

From prenminary experiments, wnere the Gr/Al castings were

simply neatea to 825 K (1025 °F) for umes ranging from 3 hr. to 240

~

-

nr. {nhigh temperature heat treatment), it was founa that it was
necessary to heat the aluminum into the liquid region (very nigh
temperature neat treatment) in orger to effect a reaction vetween
*he carpon ana the aliuminum. This was accomplishea by heating an
as-cast composite specimen In a rectanguiar cie that was heatea 0
several cegrees apove an experimentally cetermine solidus
temperature for the 6061 aluminum used in this study. The setup
usea In the present investigation is shown in Figure 11. After a
predeterminea period of time (several seconds to a few minutes).
high pressure was applied to the die in order to increase the
soliditication temperature of the aiuminum alloy, as described by
the Clausius-Clapeyron equation; this solidified the aluminum alloy
ang essentially stopped further reactian. The die was then allowed

‘0 cool in air and the pressure was released wnen the temperature

fell below the solidus temperature.
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Cavity Dimensions - 5.7 cm x 3.5 cm
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Figure 11. Heat treatment set-up for Gr/Al casting to effect
controlled reaction between the fibers and the matrix
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Transient Thermai Analysis of Squeeze Casting Process

3.1 Introduction to Thermal Analysis

in the squeeze casling Process cescrived In the Drevious
cnapter. ‘ne applicaton cf hign pressure nas two effecis cn the
casung grocess. First, @ facuitates the infiltraton cf t=e moiten
—etal arouna the fibers. Seconad. it dramaticaily reaguces the
zondificauen tme c¢f the Cuid aiuminum. nus reduc:ng ne amount
CT reacucn cetween ne Lber ana the aiuminum matrix. ~ressure
"equces :ne sohdificaton ume by reducing the cgntact resistance at
the die wall ana by eifectively increasing the solidification
temperature of the moilten matrix metal.

The moaelling of solidification of metals and alloys is complex
because several parameters including temperature dependent
thermal properties. convection and radiaticn heat losses. phase
chance and the apparent increase in thermal conductivity due to the
convection of the molten metal need o be censiderec. Closea ferm
solution for sotidification processing is practically impossibie.
However, these problems can be handied rather simply with the use
of numerical methods such as finite element method (FEM) [25].

A recently developed finite element based computer program,
THERM (26], was modified to carry out thermal analysis of the
squeeze casting process, the code required some modifications. In

the squeeze casting process there is some degree of heat loss from

all sides of the die. Fortunately, since the die cavity was round, it




CcuC be moqelleg using axisymmetric eiements wnich ailowea ‘he
wo-cimensicnal THERM program o mocel the three-aimensional
croclem.

There are three main oblectives c¢f the analysis ccniainea in
this cnaoter: a. To mocify the FEM program THERM in orger to give 1t
axisymmetric etement capapility. 2. To solve some test proplems
‘rom the iterawure in order to demonstrate the accuracy of the
soluton resuits optainea using THERM. ¢. To perform a
comoputaticnal analysis of the solidification of aluminum during the

squeeze casting process for fabricating reinforcea castings.

3.2 THERM

THERM is a finite element code originally designed to study
one- and two-dimensional transient heat transter. Present element
capabpility of THERM includes quadrilateral elements with 4 to 8
nodes. There are also provisions for temperature dependent thermal
properties, convection and radiation heat losses, phase change and
‘he apparent increase of thermal conductivity due to convection of
the moiten metal.

THERM uses a variational formulation derived from the

governing partial differential equation,

J aT d aT aT
ax K * ay(kY§7’=°Cat (3)
Where : X,y = coordinate axes
Kx,Ky = thermal conductivities in the x and y




girections. r-gspecuvely
| = temperature

= density cf the metal

O
|

= specific reat capacity cf tre metal

= time

The poungary and initial conaitions are that there 1s no
~ternal heat generation per unit volume. By the incorporauon of
aaditional terms convection and radiation heat losses are also
ziloweaq.

The cerivation of the final eguation requires an expianation of
variational calcuius which is tco involved for this study and may be

found eisewnere [25]. therefore the result is simply presented as

Equation 4.
J@T) e -aTqv) = [8TS teaigs gs) (4)
AT waye0) r.at(aa—t; qv
-] ATS teatn, -aUTS.T,) dS
-] ATS teath, t+ayTS-T,) dS
)
Where: T = {a—l a-:l v
- x oy |
K x 0
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On me rgnt-nang sice cf Eouaucn 4. ine first Brm represents
~e surface reat input. T~ ne secora term ceals with tne volumetric
~eat capacuiy ana the thura ana feunin terms represent tne
cnvecucn and raaqiation neat icsses. respectvely.

The numerical sowution 0 Ecuation 4 is ootainea. using Euler's
cackwarg implicit time integraton [25]. Equaton 4 is nonunear as a
-esuit cf the temperature cepencent (nermal properties.  Tne non-
inearities are ranalea 2y irst linearizing ‘he thermal properties
ana tnen applying a moaifiea Newton-Rapnson :erative solution
—emnca {281

input cf the thermal Croperues. .ntial ccnaitions ana ne
calcuiation parameters are accomplished by reading the values Into
the main program from a separate formatted input file. The format

required for this input file follows.

3.3 Input File Format

The format of the input file used to input the material thermal
oroperties. initial conditions and the calculation parameters s
provided in this section 1n tabular form. A description of eacnh entry

for every column is given on a line by line basis. Related groups of

lines are given in each of Tables 3 through 8.




Table 3. TZenerai .nicrmatucr s gefine sysiem ang ‘C crovice
guicelines fcr caiculations useac :n THERM

Lire

Column Variable Entry

1.0 NELEM Numper ¢f elements

17-20 NNCOE Numper ¢f noge

21-30 NTIMES Total rumoer of time steps

31-40 NITERS Maximum number cf iterations per tme siep

41-50 NG Numper ¢t Gauss ccints 10 be usea in
calculations

51-50 NMATL Total number cf materiais

61-70 NLUMP Lumped parameter matrix (0 = consistent, 1 =
lumped)

71-80 NCHECK

Trial run to check mesh generation

1-mesh and material propenty check only

Q-run entire oroaram




(D]
()

Tabile 3. Conunuea

Lire 2

Column Variable Entry

1-40 THICK Thickness of eiements (0.0 for axisymmetr:c
elements)

11-20 DELT! Primary time step value

21-30 DELT2 Secongary time step value

31-20 TMELT Melting temperature cf moiten maternal

41-50 TAMB Ampient temperature

51-30 TINIT [nitial temperature

61-70 CONVCR Ccnvergence criteria for iterations

71-80 NPRINT Print after how many time steps?
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Table 4. _.rne cefining weiding paramelers. _.ne 1S neegeqg sven

Helding Z20Dicatlcn s ot requireaq.

ia

Lre

Column Variable Entry

1-°2 XARC Inittal 'x’ position of welding arc

11-22 XEND Final 'x' position of weicing arc

21-23 ZARC Imtial 'z' position cf weiding arc
Set equal 10 1.0 for no weld

31-43 Z=ND Final 'z’ cosition cf welaing arc

21-27 ~OWER “ower ‘nout of welging &rc

51-23 SPEED Speea arc moves in the 'x' cdirectien

61-73 RO Initial radius of weld pool

Set equal to 1.0 for no weid

71-20 EFF Efficiency of weld input




Table

[§]]

‘fatenai crooerty informatucn. s

‘epeated

‘

~
~v

r eacn materiat.

Line 1

Column Variable Entry

1-°0 TS Solidus temperature

11-20 TL L.GuUIgus temperature

21-30 HLAT Latent heat

31-40 EMISS Emissivity

41-50 CMULTP Enhancement facicr ‘cr ccnvection ¢f moiten
material

51-30 N{k) Numper of temperaiures cr wnicn thermat
conguctivity values are to be given

61-70 N(C) Numper cof temperatures {or which heat
capacity values are to be given

71-80 N(H) Number of temperatures for which enti...py

values are to be given
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Table 5. Zcntunuea

Ny L nes

Column Variable Entry

1-9 T{K) Temperatiire at wnich k 1S 10 De ¢:ven
“1-30 K Thermal conductivity, . at 1.X)

N(C' Lines

-0 TIC) Temperature at wnich C s to pe ¢iven
t1-30 c Heat capauity, C. at T/C)

N(H) L:ines

1-°0 T(H) Temperature at which H is to be given
11-30 H Enthalpy, H, at T(H)

Table 6. Coetficient for convective heat transfer

Line 1

Column Variable Entry

6-15 HC

Coefficient for convective heat transfer
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Table 7. Z'ement caia

{

NELEM L.nes

Column Variable Entrv

1-5 N Element numper
65-10 NDIFF Difference in element numbers, usea to

generate eiement data

t1-°5 NEMN) Defines pounaoary for convective heat transfer
(See Fiqure 3.1)

16-20 MATLIND Matenal numoper?

21-22 NNIN) Numper cf noces usead !0 cefine eiement (4-8)
26-30 NP Node goint 1

31-35 NP(2) Noce point 2

36-4 NP(3) Node point 3

41-45 NP(4) Node point 4

46-590 NP(5) Node paint S

51-55 NP(6) Node paint 6

56-60 NP(7) Node Pcint 7

61-25 NP(8) Noce point 8
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Figure 12. Convective heat loss boundary conagitions




Table 8. lioca! cata

NNODE L res

Column Variable Entry

1-3 N Noage numper

5-°0 NDIFF Difference in node numbers. used 0 generate
noce ccordinates

1+-20 X(N) 'x' ccorginate of nocce N

21-30 YN y' ccerainate of noce N




3.4 Axisymmetric Analysis

The anility 1C moCel ne rcunc cie cavily usea ‘or coueeze
Ta3sung or ‘Der -=intorcea@ metals o one cresent nvesugaucn win
axisymmeric €:ements aiows icr me creqicuen c¢f the ransent
~eat ransler cenavicr 0 ne tnree-Gimensional cavity using e
“NO-aimens:ional crocram THERM. The axisymmetric elements,
snown 0 Frgure 2. are rnng snapea eiements wilth cuaariateray
cross-secteons.  Mhen using axisymmetric elements. ne inite
2iement mesn s specifiea for one-nalf of the specimen cross-
Teclcn ana hese eiements are essentaily rotated 280 cegrees
"epresent ne entre specimen teing moceiled. =ssentaily tne
mecification consisted of changing the thickness fcr eacn element
from a ccnsiant numper to a variable aatermined by the cistance of
‘hat eiement from the center of the specimen being modeled. This
puts tne requirement con the input that 'x' must always be equal to
0.0 at the center of the specimen.

Test proolems using the modified version of THERM are

ccontainea in the next secton followed by a model to describe the

squeeze casting process.

3.5 Test Problems

In this section. two test problems with established solutions
will be set-up. The modified version of THERM wiil be used to solve
these problems with the results presented in Chapter 5. The

computed solutions will be compared to solutions from published
literature.
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Figure 13. Typical axisymmetric element used in experimental
model. Numbers represent each of four nodes at the
corners of the quadrilateral cross-section.




3.5.1 One-Dimensional Heat Transfer Example

A 182 m x 0.20 m x .30 m cavity contains a matenal wiun
oroceriies soecifiea :n Table 8. The cawvity 1s insulated cn il siges
sxcep: ‘cr cne of tre snorter s:.des. The rate of solidificaton cf
‘n1s material can oe pregicted using THERM. The finite eiement
mesn usea s shown in Figure 14, The exact solution for this

gcrociem was cotainea from a sway by Hsiao [27].

3.5.2 Two-Dimensional Heat Transfer Example

A 3.05 m square by 0.30 m qeep cavity contains a metal having
me croperties specified in Table 10, There I1s convective neat !0ss
from ail sides of the cavity. Due to symmetry, one quaner of the
cavity was modelled as shown in Figure 15. The position of the
solid/liquid interface was predicted THERM. The literature soiution

of tnis problem aiso was obtained from the study by Hsiao [27].

3.6 Modelling Squeeze Casting Process

In the high pressure squeeze casting process for fabricating
fiber reinforcea metal casting, moiten metal is poured into a
metallic die containing one-half the total fiber reinforcement to be
used. Immeaqiately after pouring, the remaining fibers are placed
into the die on top of the molten metal. The punch is then placed in
the cie and high pressure is applied until the metal has completely
solidified.

This process is divided into three consecutive steps. Each of

these steps is modelled independently with the final thermal

concitions of the previous step being used as the initial conditions




Table 2. ‘Aateriai crocenies and (~ual cocrnaiions Cr cne-
c.mensional ‘est cropiem

Materiai Properties
Sotiaus Temperawure s £32.6 K [489.5 °F]

Licuiqus Temperature T, 533.4 K [500.5 “F]
Melting Temperature Tx- 533 K [500 °F]

Latent Heat of Fusion H 3730 KJ/m3 (100 Btu/Ft3!

Thermal Conductivity, Temperature, K ["F]
KJ/mis)H(KY "Btu/(FtY(s)(*FY]
5.2 [1.0] assumeg constant

Heat Capacityv. KJ/m3 'Btu/Ft31 Temperature, K [*F!

37.3 [1.0] assumea constant
Enthalpy, KJ.ms3 [Btu/Ft3} Temperature, K [°Fl
0.0 [0.0] 311 [100]
14,900 (399.5] 532.6 [499.5]
18,600 [499.5] 533.4 (500.5]
23.000 [619.0] 600.0 [620.0]

initial Conditions

Initial Temperature T, 600 K [620 °F]
Ambient Temperature T, 311 K [100 °F]
Coeificient for
Convective Heat he 12.900 KJ/m2(s)(K)
Transfter (630 Btu/Ft2(s)(°F)]
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Figure 14. Finite element mesn used to moae!l one-dimensional
test problem. Heat loss is by convection from left side
of cavity as drawn.




Table 10. Materiai groperties and iniual conagitions for twvo-
aimensional test proplem

Material Properties

Solidus Temperature Ts
Liquidus Temperature T
Melting Temperature T
Latent Heat of Fusion H_

599 K [799 °F]
700 K [700 °F]
700 K [801 °F]
3730 KJ/m3 ({100 Btu/Ft3]

Thermal Conductivity,
KJd/msy(K)Y [Btu/(FtY(s)(°FY

Temperature, K [*F]

6.2 (1.0]
5.6 [0.90]

699 [766]
700 [801]

Heat Capacity, KJ/m3 'Btu/Ft3] Temperature. K [°F]

37.3 [1.0]

assumed constant

Enthaipy, KJ/m3 [Btu/Ft3]

Temperature, K [°F]

0.0 [0.0]
26,000 [699]
39,000 [(1049]
46,500 [1248]

311 [100]
699 (799]
700 [801]
1000 [811]

Initial Conditions

Initial Temperature T,

Ambient Temperature T,

Coefficient for
Convective Heat Pe
Transfer

811 K (1000 °F]
311 K [100 °F]

41 KJ/m2(s)(K)
(2.0 Btu/Ft(s)(°F)]




- 152 m

_ Y

| Center
NSNS ot
| \ | ll A 1221\ cavity
(INER | \
Line of symmetry
| - 'insulateq’
1 ~
100
o2 M ‘
|

/74

RN

Element

f’numbers

3
2
2 /——f
1111
1&3 34
Node

numpers

Figure 15. Finite element mesh used to model two-dimensional

test problem. Heat loss is by convection from left-hand
and near sides of cavity as shown.
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‘sr tne next. The rnrst step I1s aefinea as wnen the metal ana ail the
‘bers are placea in the aie put the punch sull has not been. The
section modelled includes from the center cof the molten metal to
‘e top of the fibers as shown in Figure 16. Since no pressure has
oeen applied yet. there is sull a considerable amount of air
surrounding the fibers ana this is modelled as alternatng layers of
air and graphite with the air layers representing the greatest
volume. In this step 1t is assumed that no infiltration has yet
occurred. The input conditions for this step are contained in Table
“1. Included are the thermodynamic properties for the three
materials; aluminum. grapnite and air and the initial conaitions.

The secona siep is defined as when the punch has been placed
into the die causing the fibers to compress but still the high
oressure has not been applied so there still is no infiltration. The
input for this step is the same for the first except that the initial
temperature becomes the average temperature of the molten metal
after 1.5 seconds in step 1. The mesh used in this step is also
similar to that in the first with less volume of air. The actual mesh
used is shown in Figure 17. This step is run for the equivalent of
another 2 seconds of process time, and the average temperature of
the moiten metal is then used in the final step.

In the final step the high pressure has been applied and the the
cavity no longer contains any air and the material is modelled as a
combination of graphite and aluminum. The mesh used to model the
final step is shown in Figure 18. The thermodynamic values for this
material were calculated from equations available from the

literature [24] and are given in Table 12. In order to simulate the




Totai Eiements = 117

Total Noces = 140

-

20 ¢cm

19 20

Die wall

Die
cavity
center line

Figure 16. Finite element mesh used to model first step in
experimental model. Fiber volume fraction equal to 30
percent. Heat loss is modelled as convective from top
and right hand sides as drawn. Elements are
quadrilateral axisymmetric.
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Table 11. Thermocynamic grogerties c! matenais useag in
experimental model ana ~:tial congitions
Material Properties (Aluminum)

Solidus Temperature Ts
Liquidus Temperature T,
Melting Temperature Tm
Latent Heat of Fusion H_

855 K [1079 °F]
g25 K (1205 °F]
925 K {1205 *F]
1.1x105 KJ/m3K [16.4x103

Btu/Ft3°F]
Thermai Conductivity, Temperature, K [°F]
KJ/m(s)(K) TBtu/(Ft)(s)(°F
0.25 [0.040) 298 [77]

0.23 [0.036] 473 (329]

0.22 0.035] 873 [1,112]

0.21 [0.034] 1,273 [1.832]

0.20 [0.032] 1,475 [2,192]

Heat Capacity, KJ/m3K [Btu/Ft3°F] Temperature, K [°F]

2,400 [35.8] 293 (68]

2,8CC 12171 673 [752]

2,900 [43 2] 1,073 [1,472]

2,900 [43.2] 1,473 [2,192]

Enthalpy, x168KJ/m3K [x103Btu/Ft3°F]Temperature, K [°F]
0 {0.0] 293 [68]

1.1 [16.4] 673 [752]

3.3 [49.2] 1,073 [1,472]

4.5 [67.1] 1, 473 [2,192]

Material Properties (Graphite)

Solidus Temperature Tg > 2000 K

Liquidus Temperature T > 2000 K

Melting Temperature T, > 2000 K

Latent Heat of Fusion H_  0.45x108 KJ/m3K [6.7x103

Btu/Ft3°F]




Table 11. Conunuea

Thermal Conauctivity, Temperature, K [“F}
KJ/mis)HK) "Btu/FH(s) (PR

J.050 ([0.008] 293 [68]

0.100 (0. 0161 773 [932]

0.092 [0.015] 973 [1,222]

0.050 [0.008] 1.473 [2.122]

Heat Capacity. <J.in3K iBlu/Fi3°F) Temperature. £ [°F]
221 [13.7] 225 [-54.7]

2,500 [37.2) 500 [440]

3,100 [46.2] 1,000 [1,340]

3.600 [53.7] 1,800 {2.240]
Enthalpy, «10°KJ m3K [x103Btus/Ft3*FlTemperature. K [°F]
0.0 {0.0] 293 (68]

0.45 [6.7] 473 [392]

2.14 (31.9] 973 [1.292]

4.31 [64.3] 1,473 [2,192]

Material Properties (Air)

Solidus Temperature Tg 5 K [-451 °F]
Liquidus Temperature T 5 K [-451 °F]
Melting Temperature Tm 5 K [-451 °F]

Latent Heat of Fusion H_ 582 KJ/m3K([8.7 Btu/Ft3°F]

Thermal Conductivity, Temperature, K [°F]
KJ/mi(s)(K) [Btu/(FH(s)(°F)

2.6x10°5 [4.2x10-9] 293 (68!
3.8x10°5 [6.1x10°6] 498 [437]
5.9x10°5 [9.5x10°8] 998 [1,337]
6.7x10°5 [11.0x10-8] 1,198 [1,697]
7.5x10°5 [12.0x10-9) 1,473 [2,192]

Heat Capacity, KJ/m3K [Btu/Ft3°F] Temperature, K [°F]

1.2 [0.018] assumed constant




Table 11. Conunuea
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Enthalpy, KJ/m3K (Btu/F13°Fl Temperature. K [°F]

0.0 [0.0] 293 (68]
582 3.7 773 932
1214 (18.1]

1457 721.7)

1,273 [1.832]
1,473 [2,192]

Initial Conaditions

Initial  Temperature
Ampbient Temoperature

T, 1,473 K [2,192 °F]
T, 293 K 68 °F]
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Figure 17. Finite element mesh used to model second step in
experimental model. Heat loss is modelled as
convective from top and sides of figure as drawn.
Elements are quadrilateral axisymmetric.
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2fiect cf pressure on the neat transier tnrougn the cie wall ., :he
reguction of contact resistance cue to the pressure. he coetficient
‘or ccnvective neat transter s increased a oraer of magnitude over
‘he value used in sieps 1 ana 2. This 1s consistent with some
experimental observations referenced [11] in Chapter 1 of this stuay
wnich ingicate an oraer of magnitude increase in the overall rate of
neat transfer tnrougn a aie wall wnen high pressure is applied rather
han simple gravity casting.

The average temperature for the molten metal as a funcuon cf
iime In the three steps described above were then combined to give
a representation of the transient thermal behavior of the process icr
fabricaung fiber reinforced metal castings. This curve will be
presented in Chapter 5 on results and discussion.

Aithough there are still factors in the solidification of molten
metal castings with fiber reinforcement that are not addressed by
this model. such as the effect of the fibers in providing nucleation
sites. Ine model does cover the more significant areas and acts as a

good starting point for further development.
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Figure 18. Finite element mesh used o mocel final step In
experimental model. Heat loss is modelled as
convective from the top and right hand side of the

figure as drawn. Elements are quadrilateral
axisymmetric.




Table 2. Treoreuca termocynamic

,,,,, ' CoTYMATIC STCCErues CTrocracnile Ccer
"emnIcrcea T.ominum
‘laterial Properties Graopnite: Alumlnumx
Schicus Temperature 3 355 K [1079 F
L.quicus Temperawisre 7 225 K [1205 -
Melting Temoerawre - 325 f205 g
—aient Heat ct Fusiocn H_ ) 105 KJ,mJK[‘” 4x103
Btu F3°F°
Thermai Conauctivity, Temperature, « [ F!
KJ misyKY "BtuFrisi-Ew
J.19 10.03C1 288 TV
.18 10.02¢] 373 "1.112]
J.16 10.024] © 473 21221
Heat Capacity. ¥J m:=K "Sty/F13°&? Temperature. < [ &
2.070 [30.8] 2393 (68]
2.580 [38.5] 500 [440]
2960 [44.1) 1,000 [1.340]
3.110 146.4] 1.50C 2.240]
Enthaipy, «' ,9KJ m3K [x103Btu/Ft3°FiTemperature. < ["F]
3.0 0.0 293 [68]
11 [16.4) 673 [752]
T 7R [44.0) 1,073 11,472]

'66.2] 1,473 12,192)
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TESTING PROCEDURES

This cnapter cescribes the proceaures used to characterize the
‘abricatea ‘ber reinforced castings.
ne :2sis cericrmed include tensiie tests. micro-narcness
‘8s1S ana micrcsceoic examinations.  Also, measurements were

carried cut for evawuating ihe camning characteristics of the

‘einforcea castings.

4.1 Procedures for Tensile Testing

Tensiie tests were performed in order to characterize the
tensiie strength and stiffness of the fabricated reinforced castings.
Tests were performed on an instron machine. A controlled strain
rate was maintained with a cross-head speed equal to 0.051 cm/min
10.020 invmin) for ail tests. The load as a function of time for the
test was recorged using a chart recorder. Self tightening wedge
shaped grips were used to secure the specimens. These grips
increased the gripping force as a function of the load on the
specimens.

There were two similar types of test specimens used in the
tensile tests. Both were a typical dog bone shape. The specimens
used for the uitimate strength measurement had a narrower cross-
section in order to promote a more uniform fracture in the gage

length. The second type of dog bone shaped specimen had a
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Iorsigeranly wiger crgss-secugn nocrcer 0 faciitate he mounung

2 a stvain gage for cetermination of crmary suffness ana fracwur
3rains icr tme casungs.  The two types Ci tensie specimens are
Jsiratea in Figure 13, The wiath of the gage engin for the
s:rengin specimens and tne suffness specimens was approximately
0.64 cm (0.25 incn) ana ' 27 ¢m (0.5 incnhy. respectively. Overatl
yidins were approximately 127 ¢cm (0.5 inch) ana 1.80 cm (0.75
acny. respectively.  The iength ¢f the specimens was the same cf
snner type ana was a funcuen of the location from wnicn the

:1oecimen was taken irom ne onginal casing. The variaton can ce

b

een n

[¢V]

(@]

ure

n

0. Zage iengins were ccnsistently 2.54 ¢cm (1.0 .ncn)
‘or ail specimens.

The specimens were cut using a high speed rotary tool with a
0.64 cm (0.25 inch) carbide tipped bit. This tool allowed cutting of
the casting only in the direction parallel to the fiber reinforcement,
thus minimizing any delamination of the casting prior to testing.

The ultimate fracture strength of the reinforced castings was
measured by allowing the tensile test machine's cross-head to
continucusly puil the specimen at the specified speed. For stffness
measurement, the test specimens were loaded to a small fraction of
their anticipated uitimate strength and a record was made of load
versus the strain, indicated by the strain gage. Tests were

performed cone time only for each specimen. The fracture strain was

measured by loading test specimens with strain gages ail the way to
fracture.
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Figure 19. Two types of tensile test specimens usea for the
measurement of a.) tensile strength and b.) stiffness
ana fracture strain of fiber reinforced castings.




Fibers visible
on casting
surface

Figure 20. Schematic illustration of tensile specimens from
unidirectional fiber reinforced casting showing relative
location of specimens




4.2 Procedures for Determination of Microharaness

The micrcnaraness cf the scueeze cast 6061 Al matrix was
cetermined using a Vicker's giamona indenter. Tne matrix was
tested in four conaitions: as-cast with ro fiber reinforcement. fiber
reinforcead matrix that had been subjected to high temperature solid
state neat treatment and fiber reinforced matrix that had been heat
‘reateq at a temperature above the experimentally cetermined
soliqus temperature.

The procedure for cetermining the Vicker's micro-naraness
nciuced measuring the diagonals of the aiamona shaped ingentation
ang using e average aiagonal length ana the apptlied locaaq.

The micro-hardness is cefined as:

F
Vicker's hardness (HV) = A (95)

Where F is the force applied to the indenter and A is the area of the
indentation. An indentation is shown schematically in Figure 21.
The snape 1s a regular pyramid with the the face angle assumed to be
equal to the face angle of the indenter. The area of the indentation,
A. i3 given by the following relationship:
2 sin1 326°
A= —gm— (6)

Where the face angle of the diamond is 136° and d is the average

length of the diagonals. Substituting equation (6) into (5) yields




Face angle = 136°

d
v
g d
Figure 21. Two-dimensional model

indentation.

for Vicker's micro-hardness
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n

sV = - = *.854 —G—— (7)

Where F is in kiiocgrams icrce (Kgy) ana d s in mm. The unis of HV
Wil be Kgymme.

The inagentations were located such tnat they aid not contact
any fibers that were present in the cross-section. A load of 0.224 N
.0.030 kgf) was useda. Smailer 10ads than this produced indentations
00 smail to ce accurately measured. The load was xept on the
‘naenter ‘or approximately 20 seconas after the indenter contacted
‘e 1est specimen.  Prior 10 the microharcness tests. test specimens
were saw cut and ccld mounted in plastic. The specimens were
polishea using very fine abrasive paper with a final cloth polishing
with 10 micron aiumina suspended in distilled water. The resulting

finish was suitable for light microscope examination.

4.3 Procedures for Microscopic Examination

Microscopic examinations were carried out by optical
MICTCSCOPY and scanning electron microscopy (SEM). Specimens
similar to those described in section 4.2 were used for examination
by optical microscopy. The specimens were examined for fiber
distribution, metal infiltration and the fiber/matrix interface. The
polished specimens were etched with a warm dilute NaOH solution.
Cross-sections cut parallel to and those perpendicular to the fibers
were examined.

A scanning electron microscope was used to examine the

fracture surface of the castings fractured under tensiie loading. In
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aca:tien. ‘bers at c:fferent stages cf the orocessing were examined.
Fipers prior to casuing, &iter casung ana aiter reat treatment ai
‘emperatures sightly greater than the soudus temperature were
examinea. The fibers were extracted from the matrix cf th

casungs by aissolving the matrix in concentrated warm NaOH,

4.4 Damping Measurement

Cantilevered beams were used for the camping measurements.
The peams were clamped on one end and vibrated on the other 1n °
thicker cimension of the cross-section. The detalis of the
experimental configuration are shown in Figure 22. The sinusoical
‘requency is produced by a frequency generator and monitnred by a
‘frequency counter. The signal is ampitied and sent to a switching
box where it is split and sent to an oscilloscope and a copper coil
which. in turn, produces a varying electromagnetic force cn a small
cobalt-samarium magnet attached to the lower tip of the specimen
as shown in Figure 22. A small piece of aluminum foil is attached to
the upper tip of the beam n orger to provide a reflecting surtace for
the probe of the photoaccumulator device. The photoaccumulator
provides information on the displacement of the beam as it vibrates
by sending and receiving an optical signai through a fiber optic
system. The vibration amplitude signal is sent to a signal band-pass
filter which allows only a narrow range of frequencies around the
natural frequency of the beam to pass through. The filtered signal is
further sent to an oscilloscope where it is monitored and an

accurate value for the natural frequency is determined. At this

natural frequency, the current to the coil is cut-off simultaneously
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#Rdraucn cecay. A pnotograpn s taken of the vioration cecay ana

Sgarnmic cecrement () s calculated using the fcllowing

Where x,.s equal tc the nmal amphitude and x. (S equal to the

amgoutuce aiter n cycies.




(9}
m

S SEEIETY = 1 i

v & i | |
Teseee 00| .ol

- Y * e *eo
r__y_l l'_—"’TmGGEsTGNAL. o0, ,
S T TGS

Figure 22.

Experimental set-up for damping measurements on
clampea-free cantilevered beam specimens [28]: (1)
signal generator and counter, (2) amplifier, (3)
switching box. (4) probe of photoaccumulator device,
(5) specimen, (6) coil, (7) pnotocaccumulator device, (8)
frequency filter, (3) monitor oscilloscope and (10)
storage oscitloscope.
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Chapter 5

RESULTS AND DISCUSSION

The purpose of the testing and characterization orocedures
cescriced in the previous cnapter was to provide insight into the
pnysical anad mecnanical propertues of the fiber reinforced castings
fabricated using hign pressure squeeze casting. [n particular, it was
Jdesied to know wnich prooerties are effected by the process and
"OW. For example. c.d the process aamage or degrade ine fibers?
And what was the extent of the chemical reaction between the
fibers and the aluminum alloy? Also, what was the effect of the
process on the properties of the matrix? To answer these questions

and to address related issues. the results are presented and

discussed in this chapter.

5.1 Physical Examination of Squeeze Cast

Fiber Reinforced Aluminum

The castings produced using the procedures described in
Chapter 2 are generally 70 mm (2.7 inch) in diameter and had an
average thickness of 3.2 mm (0.125 inch). The two types of
reinforcement, planar random and unidirectional, can be easily
distinguished with the parailet fiber tows being easily visible of the
surface on the unidirectionally reinforced castings. The overall

surface characteristics of both types of castings are very good with




‘he rclaple adsence of any snrinkage or ciner typical castng
cefects.

Figure Z3 snows the fiber cistribution in the planar ranaom
ana unigirecucnal f.oer reinforcea castings. There was gooa cverail
distrioution ci the f.bers throughout the cross-section of the
casung. The aistribution of the ptanar random fibers was
particularty uniform wnile the fiber tows in the unidirectional
reinforcea casting were slightly concentrated toward the top ana
pottom of the casting. This was due to the nature of the packing of
the fiber tcws ana the relative difficuity in infiltrating this
arrangement as ine ziuminum flowea from the center to the 10D ana
bottem of the casung.

The degree of metal infiitration in the fiber tows of the
unidirectionally reinforced castings can be seen in Figure 24. The
aluminum alloy compietely surrounded each individual filament of
the tcw. it should also be noted from this figure that there are a
significant number cf the fibers from the planar random fiber sheets
that are oriented parallel to the tow fibers. This qualitatively
supports the inclusion of these fibers in the generation of Figure 9
in Chapter 2.

A polished cross-section of a casting oriented parallel to the
principal fiber direction in the unidirectionally reinforced casting is
shown in Figure 25, Several breaks in the fibers can be seen. The
presence of metal between the separated ends indicates ihat the
fibers were broken during initial infiltration by the liquid aluminum.
This situation is typical with nearly all the fibers showing some

degree of breakage at some point along its length in the casting.
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Figure 23. Light micrograpns showing fiber distnbution n
graphite fiber reinforced castings: a) planar ranccmiy

ortented fiber reinforcea casting and b) unidirecucnal
fiber reinforced casting.
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Figure 24. Light micrograph showing degree of metal infiltration
into unidirectionai fiber tow
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Figu.< 25. L:ight micrograpn of cross-section from ur. . .ectional
‘iber reinforcea casting showing breaxs in tie iength cf
the ‘bers




LUNCUGn e CErs &2 70 1CnGer CCnunuCus TTCm cne ena ot tne
S38Tra s T2 CInET. T2 average engit or tTe fDers 3 <uih Tuch
SrEaler tman Tne Cchnucal fDer sengin T2l (S recessary ‘or te noer
S meorelicanyv acnieve s maximum zilowable stress.  The crntical
*oDer iengul s on the crger ¢t 0.3 mm :0.012 incn) wnile even the
smallest fiber segments cbserved were well over a magnituce larger
‘~an this cnitical vale. The as-cast ‘ber !engths were cetermined
oy exam:ming  ‘bers on colished cross-secticns and fibers expcsea
Sy @:ssowing the awuminum matrnix with NaCH.

T~
I R O

[¢8}

r tc cDossrve ne extent Cf reacucn retween tte tber
ing 2 2.Uminum .0V matix. COlSned Cross-seclions were eiChed
s1in NaCH ana examinea by ught micrcscody. A micrograpn of a
casung 1s snown in Figure 26 a. There 1s no observable reaction
zone even after etching. A micrograph of a casting which was heat
‘reated at 823 K (1022 °F) for 100 hrs is shown in Figure 26 b. In
‘his case. :here was some observed reaction zone around the fibers
on the eichea cross-section. After heat treatment above the solidus
‘emperazure of the awuminum alloy there was a reaaily apparer®
‘agcuon one. T nis s lustrated in Figure 25 ¢, By comparing these
‘nree micrograpns. it can be seen that there had been relatively
ttle reactcn N the as-cast condition and that it is necessary (0
~eat the casting above the solidus temperature of the matrx in
order ¢ effect any appreciable reaction.

Another methoa that was used to determine the extent of
-eacton cetween the graphite fibers ana the aluminum ailoy was to

=xpcse the foers by cissolving the aluminum matrix with NaOH and

c4amine e ters Lsing scanning electron microscopy. A SEM




Figure 26.

(c)

Micrcgrapns cof polisted and etchead cross-secticn
showing presence of reaction zone around fibers. a) as-
cast, b) after high temperature heat treatment ana c)
after heat treatment at temperature above soiidus
temperature for 6061 aluminum.




TICTCSrann C©f & ncer cefore casung s snown in Figure 27 &, ZEM
~icrecgrapns o fzers o tne as-cast ccnailien ana after very rgn
‘emceraiure cznove !me sondus empeerature) neat treaiment are
:nown ot Figures 27 D ana c. respecuvely. Here the reacton
CrCCUCtS appear &s nin crystais criented gerpenaicular to the tiber
zxis.  Again 1 can pe seen that aithougn there is some limited
‘2acucn evigent 0 the as-cast concition, there i1s significant
eacucn aiter :he very nigh temperature heat treatment. Simuar
"eacuon procuc's were identified by Kohara ana Muto {20]: As an
.ustration cne c¢f the fibers from tneir investgation s shown N
—gure 23, 0 tneir nvestigauon. ine fibers were exposea 2 moien
aiuminum ‘or varicus times and the extent of degracation in tn
‘ensiie sirengin cf the fibers was determined. For the fiber snown.
the exposure time was around 2 minutes. Thus, our finding of

reacuon procucts at the fiber/matrix interface is consistent with

publisned work. Kohara and Muto [20] suggested that the reaction
procuct was AlsCa,.

5.2 Mechanical Property Characterization of Fiber

Reinforced Castings

This cection wiil describe the tensile groperties of the
fabricated graphite fiber reinforced castings. Although the focus
was on unidirectional fiber reinforcement the data from the tests on
castings with planar random reinforcement will also be discussed
for comparison.  The tensile strength of the castings will be
discussed first ‘otlowed by a discussion of the stiffness and the

fracture strain.  Scanning electron micrographs of the fracture




(b)

Figure 27. SEM micrograph of fibers exposed by dissoiving matrix:
a) before casting, b) after casting and c¢) after heat
treatment at temperature above solidus temperature
for 6061 aluminum.
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Figure 28. Carbon fiber from investigation oy Kohara ana Muto [20]
showing reaction products on fiber surface after
exposure to moiten aluminum for approximately 2
minutes




sdriaces will aiso ce presented. 'n the iast gart of this secton. &

Q
mogel will be proposea :0 explain the tensiie pehavior cof the as-cast

reintcrcea  castlings.

5.2.1 Tensile Strength and Fracture Strain

The tensile strength cof the planar random carbon fiber
reinfcrcea reinforced aluminum castings as a function of fiber
volume fraction 1s shown in Figure 29. There exists a peak in the
strength which is equal to 320 MPa (46 ksi) and it corresponas (0 a
‘iber volume fraction of arouna 30 percent. This peak may be
explainea by the presence of the off-axis fibers in the casting. At
higher voiume fractions. there are more of these fibers ana less
matrix. These fibers begin to act as defects causing failure at
lower and lower loads. The failure at the low loads may ultimately
be explained by a complex stress distribution in the area of fiber
intersections where the amount of matrix may be very small. Some
fibers may even be touching each other.

The strength of the matrix, squeeze cast with no fiber
reinforcement, was measured to be 173 MPa (26 ksi). Th's
represents a significant improvement over the strength of 6361-O
Al which is approximately 124 MPa (18 ksi) [23]. The unidirectional
fiber reinforced castinos were fabricated with fiber volume
fractions ranging from 4 percant to 52 percent. The tensile strength
of the unidirectional fiber reinforced castings =s a function of fiber
volume fraction is given in Figure 30. Over t. ‘ntire range of fiber
volume fractions investigated. the tensile stren, 2f the reinforced

castings increased with increasing fiber volume ir_ction.
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Althougn & cirect cuanttative ccmparisen cf tne sirengins of
e w0 lypes C! fatriczled reinforceg casungs iZianar ranacm ana
.nigirectcnal s rol CCssiDie cecause the mecnanicai properties of

‘~e pianar ranacm c.cers cife

-1

significantly irom :nose of the P-55
‘ow tbers (refer o Tiole 2!, :he sirength cata seem 10 suggest
some inleresting things (0 consicder. For exameie. & design may
-equire equal material sirength and stffness in several different
cirections In the same cg:ane. fror this case. & pianar ranaom fiber
-einforcead metal would be an ideal choice considering its {SOtroniC
cenavior in the fiber giane. if planar ranaom fiber reinforced metal
3 .5ed. ~owever, :he cesigner snould be cautcus nct to specily a
‘per volume fracton apove that wnich corresponds to the peak
strength. If the strengtn requirements of the design exceed this
maximum vaiue, then a laminate design invoiving unidirectional
reinforcement would need to be considered.

Examination of the fracture surfaces using scanning electron
microscopy showed a very high degree of fiber pull-out for the
Jnidirectional graphite fiber reinforced aluminum alloy. Fiber pull-
cut can e qistinguished from de-bonaing oy the clean appearance of
the fiber surface as seen in F'gure 31. |If there 's a strong bond or
aiffusion bond between the fiber and the matrix, then upon failure
ang subsequent withdrawal of the fiber from the matrix, the fiber
surface will show a significant amount of matrix and reaction
products still aghering to the fiber. The absence of these features,
suqggest that the principal type of bonding between the fiber and the
matrix in the squeeze cast metals is adhesion type wnere the lcad is

transferred by the matrix 0 the fibers through a friction force at




Figure 31.

SEM micrograph of graphite fiber on tensiie fracture
surface. Fiber pull-out holes are also visible on the
fracture surface.
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‘ne fipermatnx interface. The pull-out holes are also visible on
‘ne fracture surface in the backgrouna wnere the corresponaing
‘ioers would be on the opposite fracture surface. Simiar
opbservatons were made for planar random graphite fiber reinforced
casungs, as well.

The fracture strain of the reinforced unidirectional Gr/Al
castings was determined by using a strain gage and recoraing the
strain at failure. The typical fracture strain for the unidirectional
Gr/A!l castings was 0.49 percent. which is significantly lower than
‘he expected fracture strain of the fiber (0.60 percent) and well
oeicw the fraciure strain of aluminum. The fact that the castings
failed at a strain lower than the fracture strain of the fibers is an
indication that the mechanical behavior of the squeeze cast fiber
reinforced aluminum alloy is complex and requires an in-depth
analysis. An attempt has been made to explain the observed tensile

strength and fracture strain behavior of the fabricated materials in

ti.o following section.

5.2.2 Tensile Strength Model

This section describes a model proposed to explain the tensile
behavior of the unidirectional graphite fiber reinforced aluminum
fabricated in this study. Although the tensile strength of the
castings increased with increasing fiber volume fraction, a simple
rule of mixtures model does not accurately describe the behavior.
For example, the rule of mixtures strength for unidirectional
continuous graphite fiber reinforced aluminum with a fiber volume

fraction of 0.30 is approximately 715 MPa (104 ksi) while the




ZxDernmentai vaue was 27 MPa (22 ksi). There are a numper cf the

‘2asons wny U8 sirengin of the 2s5-¢ast reinicrcea casungs were <o
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s.gniticantly 'Ccwer nan !ne creqicticns by rute of mixtures. In

tarucuiar, me ncers could nave peen degragea Dy cnemical reacuen

~itn the moiten auminum. 't was aiready established. ~owever.

‘nat mere was cnily very imiteq r=2acton cetween the fibers ana the

Tatrx 0 the as-cast conciton. N tnat case. here may rave peen
20 e reacluon.

=ven f nere were rno reacucn. .n ownicn case the matnx would

L)
(@]
0

rDUle moming 0 tne sUengin cf the casung, e siuenctn

vl

Incu.C Ssuil ce given ov

“

(9)

Where -+ s the strength of the the fibers. I[n this case, the
preaicted sirength of the casting (fibers) with fiber volume fraction
equal to 30 percent s 641 MPz (33 ksi), stil significantly greater
‘han the experimental value of around 200 MPa (30 ksi).

Another possipility 1s that the fibers were crushed during
casting and the average length is less thar the critical fiber length
for an aligned discontinuous grapnite fiber reinforced aluminum. It
has aiready been shown, however, that the average fiber length in
the casting was much greater than the critical fiber length.

In the model proposed the fibers are broken at random position
along the gage length of the specimens used for tensile testing and
there 1s not sufficient bonding between the aluminum and the

graphite n orger to stress the fibers to failure. Therefore, curing
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ge sscucn ot the scecimen
ullea frTmote a.uminum wnen ne reerfacial tong cetween ‘ne
JTapnie nders ang me aiuminum S £roken. There are two Dasic
assumplions .0 NS sidiement hat represent tne Dasis for he
TOcel cescr:iced Celow: ne fibers are iong oput not conunuous and
‘me 1oers are culiea rem tre matrix rather than opeing broken.

ne rmccel s frst cescrced 0 terms of the rehavior ¢f a

q'e fber. The s.ngie fiber mocel s nusiratea in Figure 32,

TCm o equn.Dnum T forces we can write

Where © P« = the 10aa on the fiber

= the snear stress at the fiber/metal

interface

r = the radius of the fiber

L = the length of the fiber embedded in the
metal

However. Equaticn 10 has a limit vaiue where the fiber will no

.anger cte pulled from the matrix but wil break instead. This value

'S given in Egquaticn 11.

(Pig)max = Ty (mre) (11)

Where = -, = the ultimate tensiie strength of the fiber
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Figure 32. Single fber model for fiber embeadea !n a metal mairix
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Comzining Ecuaticns 10 ana 1. a minimum :nteriace snear

W

irengin can ce cefinea as tnat wnicn s necessary for e fiber o

e Droken rather tnan pull-out.  This retation 1s given as Ecuation "2,

—

rof -

Ty Jmin = L 2]

The 'cag cn the overall fiber reinforcea metal, P, s equal 0

‘me sum cf he lcacs cn the fibers and con the metal cr

Py= PisPa 13

Where | Py

the load on the fibers

Pn = the load on the matrix

Considering all the fibers, Equation 9 can he written as

Pr = N (2zrL) -, (14)

The icad on the matrix can also be expressed simply as

Pn = 7mAm (15)

Where: Am = the fractional area occupied by the
matrix

From Rule of Mixtures we know:
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(9]
1]

by SEVE T eV (16.3)

Ana from Eguation 12 it can pe snown that
L
Tt = (Zr—") (16b)

Substituting Equation 16.b into 16.a yields

L

Ic = (2r

“J Ve + ~m (1-ve (16.¢c)

The uitimate strength cf a fiber reinforced material described

by this mocel can be obtained from Eguation 16.c and is given by

cutt = (27T vt +om’ (1-vy) (17)

Where cq" is the stress on the metal at the overall strain
when the interface fails or the pull out starts and may be evaiuated
by cetermining the intercept of the experimental line in Figure 30.
Rearranging Equation 17, we can write

Tey - Tm” (1-Vy)

L
W) = 5 (18)

Equation 18 can now be used to determine the experimental
value for the product of the interfacial shear strength and the fiber

aspect ratio (L/r). This value should be constant since it represents
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‘me une cescribea Dy the reiation cetween -, and vy. But as it can pe
seen there 1S some scatter in the experimental data in F:qure 30
‘nat resuit in stghtly cifferent vaiues icr the product at c:fferent
‘ber volume fractions. These values are listea in Table 13 as a
‘uncuon of finer voilume fraction. The average experimental value
‘or tne proauct cf the interfacial shear stress and the aspect ratio
was 266 MPa (38.6 ksi) with some scatter ranging from 214 MPa
131.0 ksi) to 298 MPa (42.7 ksi).

The rext step 1S to compare the expermentally determined
value of the procuct with the minimum value that would be required

‘0 preak the fibers. Again rewrniting Equauon 12 we have:

I_
9
=

“mn(X = 5= = 1050 MPa (152 ksi) (19)

For our castings we can assume the the fiber aspect ratio is a
constant; evaluating Equation 19 then yields a minimum value for
the interfacial shear strength as a function of the fiber aspect ratio
of 1050 MPa (152 ksi) when the ultimate tensile strength of the
fipers equais 2100 MPa (304 ksi). It can be seen that the average
experimental shear strength is only about 25% of the vaiue predicted
in Equation 19 or 272 MPa (40 ksi). Now we can explain why the
strength of the fabricated Gr/Al castings was only about 25-30% of
the rule of mixtures predictions, i.e. the bond was only 25 percent as
strong as it should have been to develop the maximum stress in the
fibers. It also indicates that by improving the interfacial bond the

strength of the as-cast unidirectional reinforced aluminum can be
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13. Experimental values for proauct of interfacial snear

strengih ana the fiber aspect ratio as a function of fiber
volume fraction

V¢ ogeu, MPa (ksi) Tlu(l_r-); MPa (ksi)
0.16 165 (24) 298 (43)
c.18 165 (24) 269 (39)
0.20 179 (286) 281 (41)
0.22 159 (23) 214 (31)
0.28 193 (28) 238 (39
0.29 214 (31) 267 (39)
0.38 276 (40) 295 (43)
0.38 255 (37) 268 (39)
0.52 310 (45) 260 (38)

Ave. = 266 (39)
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ncreasea further. The tre proposed gull-out moael represented Lty

rm

quaton 17 adeguately explains ire expernimental resuits fcr the

sirengin ¢i the unicirecucnal reinforcea casungs.

5.3 Stitftness

A typical loaa versus cispiacement curve for a unidirectional
grapnite fher reinforcea casung 1s snown in Figure 33. The curve
can te zpproximatea by two straight lines with different slopes.
The first ceing the primary or eiastic modulus for the casting and
‘he secona being ine seconaary modulus. Since the graphite fibers
are essentally perfectly elastic the elastic-plastic behavior cf the
castings can be attributed to the elastic-plastic behav‘ior of the
matrix. From strain gage measurements, stiffnesses of castings
with fiber volume fractions of 20 percent and 50 percent were 100
GPa (14.5 Msi) ana 150 GPa (21.8 Msi) , respectively. These values
are lower than the rule of mixtures values of 131 GPa (19.0 Msi) and
224 GPa (32.5 Msi), respectively. The relatively lower values of
stiffness {for the Gr/Al castings needs further investigation.

The following section of this chapter describes the effects of
the squeeze casting process and the heat treatment on the

properties of the 6061 aluminum by conducting microhardness

measurements.

5.4 Microhardness of Squeeze Cast Aluminum
By characterizing the microhardness of the squeeze cast

aluminum at different stage during the squeeze casting and heat
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Figure 33. Typical load vs. displacement curve for unidirectional
graphite fiber reinforced aluminum castings fabricated
by high pressure squeeze casting.
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"2aung £rocesses insignt Can Ce gainea :nwo ne effect ¢t tnese
crccesses cn o te micrestructure.
The ~icrcrarcress cata cotainea for the 6061 aiuminum &t
= {ferent conaiticns s given in Table 14, A stancara €361-75
Idminum specimen was creparea and the experimental average was
*31.3 (in tre cuswcmary unns of kgymme). This value i1s in gcca
a2greement with :erature tne value for :nis matenat ¢f arouna 102
The average value for the squeeze cast aiuminum with no fiber
“2inforcement was 4.1 wnich s significantly nigher han the €061-

awuminum alloy wnicn s 31.4 (23]

This improvement s procably
zue 10 an effectve heat treatment of the 6061 aluminum alloy just
zfter 1t solidifies curing casting. At that time the temperature will
sull be very high and there should be a considerable numoper cf
vacancies caused oy the pressure causing very rapid cooling. Both of
‘hese factors can combine to result in rapid precipitation hardening
cf the alloy [29].

With fiber reinforcement the hardness of the aluminum in the
zs-cast conaition fell to 53.6 wnile this value is less than the un-
-einforced squeeze cast aluminum, presumably caused by
.nterference of the fibers to precipitation, it is still considerably
nigher than that of 6061-O aluminum and is approximately equal to
the hardness for €061-T4 Al which is 56.8 [23]. When heat treated

the hardness of the matrix falls still further to around 39.5, close to

‘ne hardness of 6061-O Al. This was probably due to over-aging of
the matrix alloy.




Table

(VO]

14. Tyvpenmen:al . CKers TICrCnargness ca:ia

Test Specimen Test loaa Ave. Diagonalt HV
‘Conaition) (ka) (mm) (ka/mm?<)

€061-7T3 Aj 7.030 0.0235 89.7

0.0240 25.6

0.022¢9 105.0

0.0229 105.0

Ave. *01.3

€361 Al 2.030 0.0272 75.2

(Sgueeze cast ‘Testea rear 0.0275 73.5

w/ nQ ‘bers) miacle cfr 0.0280 70.9

casting) 0.0250 89.0

0.0248 390.4

Ave. 79.8

6061 Al 0.03¢C 0.0278 72.0

(Squeeze cast .Testea near 0.0290 66.1

w/ ro fbers) ‘he edge of 0.0285 68.5

casting) 0.0300 61.8

0.0280 70.9

0.0280 70.9

Ave. 68.4

6061-Al 0.030 0.0335 49.1

(Squeeze cast. 0.0320 53.8

vi= 0.15) 0.0322 53.1

0.0305 59.2

0.0320 53.8

0.0340 47.6

0.0322 53.1

0.0305 59.2

Ave.

53.6
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The rasuils ¢! ‘Te analvsis Cf me camoing cr the

Cnal grapnite Coer rsinforced swuminum castngs

eQ o~ ™MiS SuCy are snown in Tabte 'S, Althougn the vaiues
.ary sagniy with Fider wolume fracucn. nere coes not seem 10 te a
org ccrrelation itaicated bty the expernmental data. However.
cmcarison ot the cverail averages cf the joganthmic cecrement
ncrng any etfects ¢f “ber volume fraction) suggest that. :n
jenrerzi. e camping 0 e €0° teams is nigher. up to 2 times

gr ‘~an me camoing " the 0° teams. For moae | vibration. "e
zamoong o ome ©07 Trecucn s 15 times rigner than in the O°
Tirecuon. ~eqglecung e extreme value of 18.0 for 0°, vi = 28.2. The
20° camoing for moces |l ana Il are also nigher than the
corresoencing 0° camping, 2.3 and 1.1 times higher. respectively.

These resulls are as expected as the stiffnesses of the

unigirecticnal beams are much higher in the fiber (0°) direction than

N Ne ransverse c.recton.

5.6 Finite Element Analysis of Transient Thermal Behavior
ot Squeeze Casting Process
The transient thermal behavior of the sgueeze casting process
was modelled as described in Chapter 3. The method involved the
use cf a finite element program called THERM that was modified to
have the capability for axisymmetric elements. The program was
tested by first solving two test problems before attempting to

moael the thermal behavior of the high pressure squeeze casting
process.




Table 15. _zgarimmic cecrement La.ues "Ir .oucirecucnal Zr Al
“Der -sinicrcea ceamsT
Lcgarism~ic Tecrement ‘x 3
*Moce | ‘Aoce il Moae 1l
e e 20° 02 a0~ 0° 20~
3.8 3.9 1.2
27 .3 2.1
23.3 2.2 5.0 4.7
2414 -7
) >3 5.2
3.7 22 2.9 5.2
o7.3 2.4 6.9
28.9 18.0 3.5 3.9
311 47 2.9
32.2 49 3.5 5.8
33.3 5.6 2.6 3.2
Overall
Average ~ .0 2.7 2.9 5.8 4.5 5.0

r 07 rerers 10 toer reintorcement parailel to beam length. 20°

refers 10 reinforcement parailel to the thicker dimension of the
cross-section of the beam.

-

Neglecting relative extreme value of 18.0 at vi= 28.9




5.6.1 Test Problems

The resuits Ct the cne-aimensional :est croblem zare given n
Siqure 34, The une in Figure 34 represent tne preadicteq lccauon of
‘ne saudification front as a functon of tme. Supenmpcsea cn tnis
ine are points that represent the exact saluticn at the
orresponaing tmes as cci:ainea from the literature [27]. There was
very gooa agreement tetween the pregictea locaton and the
iterature vailues.

The resulls {rom :"e two-gimensional test proplem are given
n Figure 35. The une n Figure 35 represents the solidification
‘ront at @ ume eauai ‘o 1 seconag as preaicted by THERM. Again e
noinis represent ‘he uterature solution that was obtained using a
‘inite cifference methoca. As in the one-cimensional problem, there

was gooa agreement between the predicted location obtained using

THERM and that obtainea from the literature.

5.6.2 Results from Experimental Model

The results from the experimental mode! are given in Figure
26. The first step In the three step model, as described in Chapter
3, was used for times from 0 to 1.5 seconds, the second condition
was used for times ranging 1.6 to 3.0 seconds and the third condition
was used for times from 3.1 seconds to 4 seconds. [n the time
frame from 3 to 4 seconds. the aluminum cooled very rapidly as it
infiltrated the fibers and came into contact with the die wall. The
siowing of this rapid decrease in temperature is attributed to the
aluminum solidifying. After four seconds the average temperature

of the aluminum had fallen to just below the solidus temperature of
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e aioy cut @t osuwil haa nct reacnea rcom temoerature.  After s
me. rowever, e crogram cegan to civerge ang was eventuaily
aboriea. fFumnner nvesugation 'S neeaged (0 cetermmine ana correct
Ine exact cause of the civergence. Up to the point wnere the
grogram civerged. however. he resulls can be considered reliable

since they met the convergence criteria specified 10 tre nput file.




Chapter 6.

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

Unigirectional grapnite fiber reinforcea aluminum alloy
casings have been successiully fabricatea using high pressure
squeeze casting. Fiber voiume fractions for test specimens ranged
from 10 to 50 percent. There was a minimum amount of reaction
vetween the graphite fibers and the aluminum matrix in the as-cast
concition. gooa infiltration of the metal intc the fiber tows ana goeca
fiber distnibution. Castings heat treated at very high temperatures
showed progressively more reaction. The tensile strength of the as-
cast reinforced aluminum increased with increasing fiber volume
fraction. Although, in general, the strengths were well below rule
of mixtures values. A model, with the assumption that the
fiber/matrix interface bond slipped prior to fiber failure. was
developed to describe the experimental data. The microhardness of
the squeeze cast aluminum was shown to be highest in the as-cast
conaition (comparable to 6061-T4 Al) and decreased with heat
treatment due to overaging. The damping was found to be higher
when the fibers were oriented perpendicuiar to the long dimension
of the test beams and relatively constant over the range of fiber
volume fractions studied. The transient thermal behavior of the
molten aluminum during the squeeze casting process was modelled

using finite element methods. The average temperature of the
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aluminum reached apoul 855 K approximately 4 seconcs aiter being
ntroguced to the aie at 1473 K.

A review of the resuits from the experimental work performed
'eads to several recommenaations trat may pe made for future
.nvestigations. A thorough investigation into the effects of heat
treatment of the fiber reinforced castings on their physical and
mechanical properties needs to be performed. If as expected. the
heat treatment increases the strength of the bond between the
fibers and the matrix, there may exist an optimum heat treatment
beyona wnich the properties of the castings begin to decline due to
degraaation of the fibers. Another area requiring further
investigation is the refinement of the model developed to describe
the thermal behavior of the high pressure squeeze casting process.
Such refinement may include the addition of a time variable mesh
that will eliminate the requirement for dividing the process into

discrete steps as was done in this study.
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